Lead telluride bonding and segmentation study Semiannual phase report, 1 Feb. - 31 Jul. 1969 by Mermelstein, S. et al.
Semiannual Pbase Report No. 4 
LEAD TELLURIDE BONDING AND SEGMENTATION STUDY 
(1 FEBRUARY-31 JULY 1969) 
CONTRACT NO.: NAS 5-9149 
Prepared by 
TYCO LABORATORIES, INC. 
BEAR H I L L  
WALTHAM, MASSACHUSETTS 02154 
Y 
National Aeronautics and Space Administration 
Goddard Space Flight Center 
Greenbelt, Maryland 20771 
https://ntrs.nasa.gov/search.jsp?R=19700009656 2020-03-12T01:03:53+00:00Z
Semiannual Phase Report No. 4 
LEAD TELLURIDE BONDING AND SEGMENTATION STUDY 
(1 February - 31 July 1969) 
Contract No. : NAS 5-9149 
Goddard Space Flight Center 
Contracting Officer: Kathleen G. Williams, Code 245 
Technical Monitor: Joseph Epstein, Code 716 
Prepared by 
Tyco Laboratories, Inc. 
Bear Hill 
Waltham, Massachusetts 02154 
Authors: H. E. Bates, S. Mermelstein, S. Michalik, and F. Wald 
for 
Goddard Space Flight Center 
Greenbelt, Maryland 20771 

SUMMARY 
The metallurgical section of this report discusses studies of the Co-Si-Ge system 
in some detail and also presents results on the Pd-Ge system. Furthermore, a summary 
of all  life test results on tungsten diffusion bonded lead-telluride is given together with an 
explanation of the bonding process and a detailed description of the bonding cycle, 
Progress in the construction of cesium plasma lamps as high temperature heaters 
is reviewed. The present status of this part of the project is that all parts a re  available 
now, but have not been assembled and tested. Finally, a major part of this report deals 
with the progress achieved in the design and construction of the segmented submodules 
already described in previous reports, 
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I. INTRODUCTION 
The widespread use of thermoelectric power generation a s  the solution to a number 
of specialized power supply problems has been anticipated for some years. However, the 
application of thermoelectrics has been hindered by a number of major materials problems. 
These problems can be divided into those associated with (1) the physical characteristics, 
(2) the chemical behavior, or (3) the low conversion efficiency of thermoelectric materials. 
The predominantly covalent nature of most thermoelectric alloys results in mater - 
ials which a r e  generally weak and brittle. In addition, PbTe alloys have a high thermal ex- 
pansion coefficient which leads tosusceptibilityto thermal shock and thermal stress crack- 
ing. The mismatch in expansion coefficient between PbTe and metals also causes a fundamen- 
tal physical incompatibility which must be dealt with in contacting these materials a t  the hot 
side. The vapor pressure of PbTe alloys precludes operation in vacuum or requires encap- 
sulation. Porosity in sintered PbTe not only contributes to its mechanical instability, but 
may also pose a substantial long term hazard to the intergrity of metallurgical bonds by 
migration of the pores in the temperature gradient. The high temperature mechanical pro- 
perties of PbTe alloys a r e  very poorly defined, and there is an almost complete lack of under - 
standing as to what role they may have in generator design. 
severe limitations on the materials for use a s  hot side contacts. Reaction between the metal 
contact and the thermoelectric material can produce electrically active or mechanically de  - 
structive phases a t  the interface. Interactions between the dopants and contacts, which can 
drastically affect the electrical properties, are also possible. In fact, the consequences of 
reaction between the thermoelectric material and any of the several materials which consti- 
tute its environment a r e  such that extreme care must be exercised in the choice of all such 
materials. However, without a basic knowledge of the interactions of the thermoelectric 
material with metals, potential brazes, insulations, etc. , selection of these materials can 
only be by a trial and e r ro r  process. 
The low efficiency of thermoelectric generating materials has been the main impediment 
to their wider application a s  power sources. The search for new materials has been largely 
abandoned; however, the need for higher efficiencies still exists. The most feasible means for 
achieving higher efficiencies appears to be the combination of existingmaterials over extended 
temperature ranges. The best known thermoelectric power generation materials, PbTe and Si - 
Ge, have optimum temperature ranges which complement each other for operation over a tem - 
perature intervalof 800 to 1000 "C to 200 to 50 'C. Devices utilizing these materials over such 
a temperature interval should exhibit higher conversion efficiency than either material alone. 
The reactive nature of one or more elements in all thermoelectric materials places 
- 1 -  
F 
This program comprises a study of: (1) the bonding of PbTe thermoelements to non- 
magnetic electrodes, (2) the behavior of the elements and contacts a t  operational temperatures, 
(3) the compatibility of PbTe and SnTe with metals and the interactions of Si-Ge thermoelectric 
materials with potential hot contact materials and brazes, and (4) the physical and chemical 
characteristics of the PbTe thermoelements. Other aspects of the program include a study of 
the segmenting of $i-Ge thermoelements with PbTe for higher efficiency, life testing of PbTe 
rhermoelements and couples, design and construction of a prototype test device for Si -Ge-PbTe 
thermocouples, and the design of modules incorporating tungsten bonded PbTe and segmented 
SiGe -PbTe. 
The general aims of the program are to define the most appropriate system and process 
for the preparation of low resistance, high strength bonds of nonmagnetic electrodes to PbTe 
alloys and to study the factors and processes involved in the degradation of thermoelements and 
contacts during extended service. 
- 2  - 
11. CONSTITUTIONAL STUDIES 
A. Co-Si-Ge System 
The 760 "C isothermal section of the Co-Si-Ge system is nearly completed. The 
phase boundaries i n  the Ge-Si portion of the diagram have been determined and are  pre- 
sented in Fig. 1, The binary systems Co-Si and Co-Ge have also been incorporated in 
this figure. Detailed X-ray data for all heat treated Co-Si-Ge alloys a re  presented i n  
Table I. 
50 "C below the minimum binary eutectic temperature). The binary eutectic is located 
at  a composition of Co-73 at. % Ge. The length of the heat treatment was dictated by the 
relatively slow diffusion rates of Si and Ge with Co. Other alloys heat treated at 750 and 
760 "C for varying times have been included in  the ternary isothermal section (see Table I), 
The last set  of alloys was heat treated at 760 "C for 2000 hr (this temperature is 
1. CoSi-CoGe section 
It was found that the compound CoGe is soluble in CoSi up to 67 * 1 mol % C G e  
at  760 "C, This was determined by means of X-ray diffraction and metallographic analyses. 
Fig. 2 shows the dependence of the CoSi lattice parameter as a function of CoGe content. 
The alloy containing 70 mol % CoGe is two-phase, a s  shown in Fig. 3. The CoSi based 
phase in this alloy has a lattice parameter of 4.583 * 0.003 8, corresponding to a com- 
position of 67 * 1 mol % CoGe. 
2. Multiphase regions in the 0 to 50 at. % Co section 
Other than the CoSi-CoGe solid solution range, the remainder of the 760 OC 
section at  the Si-Ge end of the diagram is comprised of two- and three-phase regions. 
These have been indicated by Roman numerals in Fig. 1 and a re  presented i n  greater 
detail in Table 11. 
Table 11. Phase Regions in the Go-Si-Ge Isothermal Section at 760 OC 
Phase Region 
I 
I1 
I1 I 
IV 
V 
Phases Present in 760 OC Isotherm 
Two phases: CoGe2 f (Ge, Si) s. s. between 0 to 6 at. % Si 
Three-phase region: CcGe2 + Co (Si,Ge) s. s. (latter e 50 
mol % CoGe) + (Ge, Si) s. s. (6 at. % Si) 
Two-phase region: Co (Si, Ge) s. s. (0 to = 50 mol % CoGe) 
and (Ge, Si) s. s. (6 to 29 at. 
Three-phase region: CoSi2 + CoSi + (Ge, Si) s. s. (29 at. % Si) 
Two-phase region: CoSi2 + (Ge, Si) s. s. (29 to 100 at. % Si) 
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1 v) I- z - = 4.53 / 
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5 
0 a c 
LEGEND 
0 SINGLE PHASE ALLOY, QOOOC 
0 SINGLE PHASE ALLOY, 76OOC 
0 TWO PHASE ALLOY, 76OOC 
I I I I I I I I 
IO 20 30 40 50 60 70 80 
4.401 
CoSi MQL O/O CoGe 
Fig. 2. Lattice parameters of Co-Si s. s. phase versus 
mol % CoGe 
- 7 -  
Fig. 3. (CoSi), 3(CoCe). 7, 750 'C, 2586 hr (CoGe preci- 
pitate in CoSi s. s. matrix; polarized light: 150 X) 
- 8 -  
The final section i n  this portion of the isotherm bounded by the compositions CoGe, CoCe2, 
and(CoCe) 7(CoSi). 39 has not been defined due to some ambiguity. The alloy (CoGe) g(CoSi). 
would be ekpected to have the compound CoGe and the cubic Co(Si, Ge) solid solution bhase. 
However, the nature of the second phase with CoGe cannot be readily identified by X-ray 
diffraction analysis and does not seem to be the cubic Co(Si,Ge) phase. The alloy 
Co 4Ge 55Si. 05, which appears to be a three-phase structure metallographically (see 
Fig. 41, has been identified as  a combination of CoGe2 + ColSi, Ge), with the third phase 
again unidentifiable from X-ray diffraction. The unknown reflections in  both alloys are  
dissimilar and therefore are not contributed by the same phase. For these reasons, this 
particular section has remained undefined in Fig. 1. 
3. 760 "C isothermal section between 50 and 100 at. % C o  
Two alloys in the Co2Ge-Co2Si pseudobinary section were investigated: 
The Co2Si rich alloy apparently dis - (Co2Ge). 95(Co2Si). 05 and (Co,Si) 95(Co2Ge). 
solves Co2Ge, 2 5  mol CoZGe at 760 DC, since no evidence of a second phase has been 
noted in the analyses of this alloy. The CoZGe rich alloy, shown in Fig. 5, shows a second 
phase precipitate a t  5 mol % Co2Si indicating limited solubility a t  this end of the pseudo- 
binary section. 
.OS' 
based on the compound Co3Si which dec3mposes eutectoidally a t  1170 'C. With the addition 
of Ge, the compound becomes Co3(Si,Ge), Si:Ge = 4:l. A s  seen in Fig. 6, the alloy does 
show a eutectoid configuration of a-Co2Si and E' -Co. The primary phase is most likely 
undissolved Co2Si from the a s  melted structure. (Theoretically, the expected structure 
of this alloy would be = 100% eutectoid; however, the relatively low heat treatment tempera- 
ture in this composition range of the ternary system has not induced the dissolution of the 
initially formed primary grains of a-Co2Si. ) 
on thermoelectric brazes. It is most probable that a high temperature Co rich ternary 
eutectic exists in this region which may be effectively used a s  a braze between the hot shoe 
and the Si-Ge thermoelements in segmented thermocouples. 
C .  
Another Co rich alloy, Co. ,5Si. 20Ge has been investigated. This alloy is essentially 
The Co rich end of the ternary system Co-Si-Ge will be applicable in fu tu re  work 
B. Pd-Ge-Si System 
The primary work involved in the definition of this ternary system has been a 
continued investigation of the binary Pd-Ge system. The analysis of this system between 
67 to 100 at. % Pd has proven to be very complex. Certain changes in this region have 
been established, but the total analysis is still not completed. 
1. Pd-Ge system, 0 to 66.67 at. % Pd 
The heat treatment of a series of Pd-Ge alloys was completed a t  475 * 5 OC 
far 2200 hr. This temperature is ~ 5 0  OC below the minimum eutectic temperature in the 
binary system. The analysis of the heat-treated alloys between 0 and 66.67 at. 
presented below, (Table 111). 
Pd is 
- 9 -  
15 
4 
- 10 - 
Fig. 6. Co 7 Si , 760 "C, 2000 hr (primary phase is 
mdst 51 ike .zGe y u'n (8 issolved a-Co2Si; eutectoid is composed 
of a-Co2Si +E' -Go; 300% 
- 11 - 
Table 111. Pd-Ge Alloys (0 to 66.47 At. % Pd) HeatrTreated at  675 f 5 OC for 2200 H r  
Composition, at. %Pd 
10 
20 
30 
40 
50 
60 
66.67 
Metallography 
Two phase 
Two phase 
Two phase; hypoeutectic 
(GG rich side of eutectic) 
Two phase: hypereutectic 
Single phase 
Two phase 
Single phase 
X-Ray Analysis 
Ge S.S. +PdGe 
Ge S.S. +PdGe 
Ge S.S. +PdGe 
Ge S.S. +PdGe 
PdGe 
PdGe + Pd Ge (d-spacings 
for both pgases exhibit 
some deviation from given 
values for pure compounds, 
indicating probable phase 
latitude for both compounds) 
Pd2Ge 
Rifferential thermal analysis of heat-treated alloys between 0 and 40 at. % Pd has 
/ firmly established the Ge rich eutectic temperature a t  735 
noted in the liquidus temperatures of the heat-treated alloys from 0 to 40 at. % Pd from 
those originally proposed in the Semiannual Phase Report No. 3 of this contract (refer to 
Fig. 4 of that report). 
In order to define the composition of the Ge rich eutectic, an alloy of 37 Pd-63 Ge 
(at. %) was prepared. The as-melted alloy, as shown in Fig. 7, is hypereutectic and 
possesses primary crystals of PdCe. The composition of the eutectic should then be 
located a t  a composition of 32 f 1 at. % Pd. In general, the Pd-Ge diagram as  proposed 
in the last  semiannual report is essentially correct from 0 to 66.67 at. % Ge. 
2 "C. N o  major changes were  
I 
2. Pd-Ge system, 67 to 100 at. % Pd 
The following major changes have been proposed in this portion of the 
1. The compound Pd5Ge2 does not exist. X-ray and metallographic 
diagram: 
analyses of the alloy, both as-melted and heatLtreated, *have shown a rwo-phase structure 
whose major phase is Pd2Ge. 
The X-ray diffraction patterns of both the as-melted and heat-treated 75 at. % Pd alloy 
have been roughly indexed to show a cubic structure; these X-ray data a re  shown in Table 
IV. The rather large variation of the "a" parameter for this compound may indicate some 
distortion in the structure, so that it is probably not completely cubic. This can be veri- 
fied when the accuracy of the X-ray procedure has been improved. This cornpound, al- 
though it would exist a t  a composition < 75 at. % Pd, will  be referred to a s  PdgGe. A 
metallographic cross section of the heat-treated 75 at. % Pd alloy in Fig. 8 shows a two- 
phase alloy; however, the primary phase Pd3Ge comprises a t  least 80% of the alloy. 
2. A compound may exist at a composition slightly less than 75 at. % Pd. 
* 675 * 5 'C, 2200 hr. 
- 1-2 - 
- 13 - 
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Table IV. "d" Spacings and Indexing of the Allay 75 At. % Palladium 
Line No, 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Intensity 
S 
v s  
W 
W 
W 
W 
W 
v w  
WB* 
"B* 
WB* , 
S 
SB* 
W 
V W  
W 
v w  
v w  
v w  
WB* 
d, d2 h 2 2 2  +k +Q a 2 a  hkQ 
As-Melted Alloy 
2.36 5.570 
2.14 4.580 
1.995 3.980 
1.512 2.286 
1,355 1.836 
1.279 1.636 
1.248 1.558 
1.201 1.442 
1.017 1.034 
Q.8895 0.791 
0.845 0.714 
- -  I - 
4 18.318 4.280 (200) 
8 18.288 4.276 (220) 
10 18.36 4.285 (310) 
11 18.00 4.272 (311) 
12 18.69 4.323 (222) 
13 18.75 4.330 (320) 
18 18.61 4.314 (330) 
23 18.19 4.265 ? 
26 18.56 4.308 (510,431) 
- - - -  
Heat-Treatqd Allsy, 675 * 5 "C, 2200 hr 
2.36 
2.13 
1.995 
1.518 
1.352 
1.279 
1.245 
1.201 
1,005 
5.570 
4.554 
3.980 
2.304 
1,828 
1.636 
1.550 
1.442 
1.010 
3c 
4 - 
8 
10 
11 
12 
13 
18 
- 
18,216 
18.432 
18,280 
18.00 
18.60 
18.75 
18.18 
- 
7 -  
4.268 (200) 
4.293 (220) 
4.276 (310) 
4.242 (311) 
4.313 (222) 
4.330 (320) 
4.263 (330,411) 
- 7  
* B = broad line. 
- 14 - 
The existence of such a compound is reasonable. The compound Pt3Ge, although 
monoclinic in structure, is basically a deformed Cu A u  cuhic structure. 
parameters of Pt3Ge a re  a = 7.931 A, b = c = 7.767 A, and p = 90.06". I t  is, therefore, 
not that far removed from a cubic configuration. 
3. Heat-treated samples of 85 and 90 at. % Pd, in addition to Pd s. s., con- 
tain a second unknown phase which is characterized by the following d-spacings: 2.00 - 1.99, 
1.74, 1.24, and 1.070 - 1.072. 
These reflections could not be readily indexed to a cubic structure. I t  is possible that 
the phase characterized by these diffraction lines may be related to some transformation 
product of the high temperature compound Pd. 84Ge. 16. (Pd. 84Ge lhis a cubic W-type struc- 
ture, a. = 3.137 1, which exists over a narrow temperature rangk of ~ 5 0  'C above 740 'C.) 
This unknown phase will  be noted as the U-phase in  any further description. Metallographic 
evidence of such a transformation can be seen in photomicrographs of as-melted 84 and 85 
at. % Pd alloys (Figs. 9 and 10). Such microstructures a re  quite characteristic of an alloy 
which has undergone a rapid solid state transformation. Despite these hypotheses, how- 
ever, the actual nature of the diagram in this particular composition region is still quite 
indeterminate. 
at. % Pd were eventually prepared (the latter alloy would correspond to the compound 
Pd5Ge). 
Differential thermal analysiq on the 84 at, % Pd alloy showed four distinct thermal 
arrests a t  773, 783, 800, and 840 O C  similar to those found previously in  the 85 at. % Pd 
alloy, although slightly different in  temperature. It is worth noting that only three arrests 
would be expected i f  this stoichiometric composition (Pd. 84Ge, 
formed by a peritectic reaction. The 87.5 at. % Pd alloy exhibited two thermal arrests: 
781 and 832 'C.  The 83.33 at. % Pd alloy, made at a later time, has not yet been run in 
the DTA. 
The metallographic structure of the 84 at. % alloy has been noted above in Fig. 9. 
The microstructure of 87.5 at. % Pd is quite similar to that of 85 at. % Pd alloy, except 
for an increase in primary crystals of Pd. s. s. The microstructure of the as-melted 83.33 
at. % Pd alloy in Fig. 11 shows, in addition to Pd s. s. and a transformation structure, 
definite traces of a eutectic structure. If the secondary structure af the as-melted 80 at. 
% Pd alloy (Fig. 12) is also eutectic, then it i s  quite probable that a eutectic transforma- 
tion does occur within these particular composition limits. 
heat treatments (=2000 hr) a t  675 OC. Analysis Qf the heat-treated alloys will  be neces- 
sarily filed in subsequent reports, 
X-ray diffraction analysis has been carried out on the alloys between 67 and 100 
at. % Pd, but the results have not readily defined the phase transitions which may occur 
in This portion of the diagram. Theae results a r e  presented in Table V. The phases of 
particular interest in this region, namely, PdgGe, Pd s. s. , and the U-phase, randomly 
occur in many alloys without any orderly progression. The analysis of the heat-treated 
alloys noted above should clarify this part  of the diagram when they become available. 
The crystalline 30 
In order to clarify the phase diagram in this region, alloys of 87.5, 84, and 83.33 
Were the exact compound 
The alloys of 87.5, 84, and 83.33 at. % Pd a re  presently undergoing long term 
S. Bhan and K. C. Jain, Trans. Indian Inst. Metals, - 49 (1966). 
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Table V. X-Ray Diffraction Analysis of Pd-Ge Alloys Between 67 and 100 At. % Pd 
Composition, 
at. % Pd 
69 
As-Melted Alloys 
Alloys Heat Treated a t  
675 * 5  "C, 2200 hr 
Fd2Ge, probably PdgGe and 
U-phase, some unknown limes 
PdgGe, possibly Pd3Ge, and 
many unknown lines* 
Same a s  69 
75 PdgGe, probably Pd s. s. and 
Urphase U-phase 
Pd3Ge, and probably 
80 Pd 6 . 6 .  fPd3Ge A l l  of the following three 
phases a re  probable, but 
not definite: Pd s. s. , 
Pd3Ge, U-phase 
Mot available Pd s. s. + PdgGe + sQme 
unknown lines 
83.33 
84 
85 
87.5 
90 
Fd s. s., Pd3Ge, U-phase 
(X-ray diffraction sample 
taken from DTA alloy rqthey 
than as-melted sample) 
Pd s. s. + some unknown lines 
Pd S. s, -k Fd3Ge 
Pd s. s. 4- U-phase and wme 
unknown limes 
Not available 
Pd s. s. + U-phase 
Not available 
Pd s. s. + U-phase and 
some unknown lines 
* There is some possibility that the Pd3Ge phase may distort upon cooling to a 
noncubic phase at its Ge rich limit, thus causing extra X-ray diffraction lines. 
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To summarize: for the 67 to 100 at, % Pd region of this system, it has been 
shown that: 
1, The compound Pd5Ge2 does not exist, 
2. A nonseoichiornetric phase based on PdQGe has been roughly indexed 
3. M&rostructures which could be related to a cransformation structure 
4. Another unkpown phpse, characterized by particular X-ray diffraction 
from X-ray diffraction data. 
have been found in as-melted alloys between 83i33 and 90 at. % Pd. 
lines, may exist: between 80 and 90 at. 
the Pcls4Gc316 compound which exists only above 740 'C. 
Pd; this could be related to the transformation of 
5. A eutectic reactiqn probably qccvrs between 80 and 83,33 at. % Pd. 
Work on the ternary system Pd-Ge-Si wa8 deferred due to the necessity of 
defining the nature of the binary PdrGe system, particularly a t  the Pd rich end. 
Metallographic and X-ray diffrclction studies were carried out on a series of as- 
melted Pd-Si-Ge alloys. The analyses coxlfirmed the existence of a complete series of 
solid solutions between Pd2Ge and Pd2$i. A phatomicrograph of (Fd2Ge). S(Pd2Si). 
shown in Fig, 13. Differential thermal analysis of the alloy (Pd2Ge). ,&Pd2Si), 25 showed 
no melting up to 1175 "C. The other aqmelted alloys in this tertiary system generally 
showed more than one phase. The phase composjtian of these alloys; wil l  be correlated by 
means of X-ray diffraction analysis as swn a s  the structures of the Pd-Ge binary compounds 
and phases have been clarified. It is probable that particular ternary alloys in this system, 
i n  addition to the Co-Si-Ge alloys proposed above, could also have some use as high tem- 
perature braze$ in segmented thermacouples, 
is 
4 
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I 
Fig. 13. (Pd2Ge). (Pd Si) , as melted (single-phase s. s. ; 
polarized ligit; 120a 
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111. TUNGSTEN -LEAD TELLURIDE "DIFFUSION" BOND 
A .  Introduction 
We feel that it would be worthwhile at this time to summarize our experience with 
the process developed in the early stages of this wntract for joining PbTe to tungsten. The 
W -PbTe bond has been in existence for approximately 4 years and has been exploited in var - 
ious ways, most notably in developing segmented Si-Ge-PbTe thermoelectric couples. The 
use of tungsten as a contacting material for PbTe, though not necessarily by bonding, has 
found increasing acceptance by other research and development groups after publication of 
our early results which showed tungsten to be the only metal in stable, two-phase equilibrium 
with both PbTe and SnTe. 
Our knowledge of the mechanism and details of the actual bond is highly imperfect 
and largely inferential: however, we feel that the sum of our experience with various config- 
urations and test conditions allows us, indeed compels us, to make some statements in the 
way of recommendations to a potential user. 
This section also includes a review of preparation procedures and physical proper - 
ties of W-PbTe junctions. 
B. Preparation of Bonded W -PbTe Structures 
In spite of the substantial amount that was written during the development of the bond- 
ing process, its essentials a r e  quite simple. Quite adequate bonding performance can be 
achieved with ordinary laboratory techniques and equipment and a reasonable degree of care. 
The process involves lapping and cleaning the mating surfaces, and applying light 
pressure tothe parts to be bonded as they a r e  heated, held at temperature, and cooled under 
an inert or reducing atmosphere. Lapping of the surfaces to be bonded, both PbTe and tung- 
sten, is intended to produce a fresh, i. e., relatively unoxidized, and flat surface. Flatness 
is by far the most important requirement for successful bonding: in addition, fairly close 
tolerances should be maintained on pgrallelism and perpendicularity of faces and edges. Flat - 
ness is a somewhat relative concept when applied to a material as porous as pressed and 
sintered PbTe; however, what is meant here is gross flatness of the entire surface which 
should be maintained within limits on the order of 0.0001 to 0.0002 in. Parallelism and per- 
pendicularity should be held on the order of 0.001 in. 
Grit sizes for lapping may range from 240 to 1000, depending on the amount of material 
to be removed. A number of experimental bonding r u n s  indicated that refinements in surface 
finish beyond that produced by 1000-mesh grit  failed to improve bonding performance. A typi- 
cal lapping sequence would be 320, 600, and 1000 where only a slight amount of material 
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needed to be removed. Lapping is done with methanol as a vehicle and washing fluid. This 
method, and storing the PbTe in a desiccator or under vacuum, w e  have found improves bond- 
ing, apparently as a result of minimizing the absorbed water in the elements. Ultrasonic agi- 
tation of the washes between grit sizes and after completion of lapping has been found to pro- 
duce the cleanest surfaces by freeing trapped grit and debris from the PbTe pores. During 
lapping and all subsequent handling, it is best to  hold the exposure of the lapped surfaces to 
the air (while dry) to a minimum. This stricture applies to both tungsten and PbTe, as  indeed 
do all the above procedures. 
duces a substantial improvement in bonding performance. This treatment consists of the 
bonding cycle of timeand temperature with a hydrogen atmosphere, but without a tungsten 
bonding surface. Thus, the elements to be treated are lapped to slightly oversize (if any sub- 
stantial amount of lapping is necessary), cleaned, heated to 820 to 825 "C, heldfor 30 min, and 
cooled, The elements are then lapped to  final size and surface, cleaned, and held for bonding. 
Bonding and pretreating a r e  done in jigs machined from semiconductor grade graphite. 
Since each jig configuration is determined by the type of bonded structure to be produced, only 
general principles can be se t  down here. Our experience with different jigging fixtures has 
led to the typical fixture shown in Fig. 14 (this construction is a necessity when bonding cou- 
ples). In this type, the hot shoe (bridge o r  strap) sits on the flat plate, the legs of the cou- 
ple are situated within the middle block, and the weights which provide pressure on the mating 
surfaces a r e  positioned within the upper (right-hand) block. The three blocks a r e  positioned 
(prior to machining the upper blocks) by ceramic locating pins in opposite corners. W e  have 
found that adequate radial clearance around the PbTe electrode and the weights is vital for 
good bonding. A typical clearance might be 0.010 in. Excessive clearance, however, can 
cause difficulty by allowing misalignment or cocking of the weights which can result in un- 
even contact of the bonding surfaces. If irregularly shaped elements a r e  to be bonded, it is 
also important that the weights be placed over the geometric center of the cross section. The 
surfaces of the weights which bear on the PbTe elements should be slightly rounded; otherwise, 
the weights and tungsten are apt to  bond to the elements. If this occurs only on a small area, 
it is usually possible to break the bcnd formed without damaging the remainder of the structure. 
It might also be added that any bonding fixture should be regularly fired in vacuum at  900 to 
1000 "C - probably after every four or five bonding runs - and the fixtures should be stored 
2 in a vacuum desiccator when not in use. Weights should provide pressures of 50 to 75 g /cm . 
Bonding is accomplished by assembling the appropriate components in the proper bond- 
ing fixture, heating the assembly, holding it at a certain temperature, and cooling. The f u r -  
nace atmoshpere during this operation may be either inert (argon) or  reducing (hydrogen). We 
have used hydrogen primarily, since it seems to produce slightly better 3P-W bonds than argon. 
The heating rate is not critical until rates which would cause thermal shocking of any of the 
components are approached. It is probably reasonable that it should take 1.5 to 2 h r  to reach 
the bonding temperature of 830 "C. Our practice has been to hold a temperature close to 
830" for 30 to  45 min. Rigid control of the temperature is not essential, except that the melt- 
ing point of the 3P material is in the area of 835 to  840", depending on minor compositional 
variations. However, because of the slow heating of our present system above 800°, our pro- 
cess could in  fact, be described as approximately 75 min in the range 810 to  830". 
W e  have found that a pretreatment of 3P PbTe-SnTe elements (prior to bonding) pro- 
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Fig. 14. Gr,aphite fixture for bonding PbTe segments of 
Si-Ge-PbTe couples (top block supports weights, 
upside-down central block holds couples and ele- 
ments in place, bottom plate supports hot straps 
of couples and provides flat, square reference 
surface) 
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The cooling rates experienced by the bonded structures after bonding a r e  of some 
importance. I t  has been found that excessive heating-cooling rates can cause substantial, 
rapid degradation of W-PbTe bonds. Our apparatus has: provided (with power off to the f u r -  
nace) a cooling rate profile of the following sort: 10°/min for the first 10 min, 6"/min for 
the second 10 min, and 5"/min for the remaining time (roughly). The temperature interval 
of most importance is below 700" where the bonding "medium" apparently becomes increas - 
ingly viscous and less able to accomodate stress. When the furnace temperature has de- 
creased to below 400", the hydrogen flow may be replaced by argon. 
C. The Nature of the Tungsten Diffusion Bond 
W e  have attempted on a number of occasions to observe directly the interfacial region 
of tungsten bonded PbTe elements. Electron beam microprobe observations have, in all but one 
instance, failed to show any interdiffusion (which is tobe expected, since there a r e  no mutual solu- 
bilities) of W, Pb, or  Te within the 1- to 2-presolution of the microprobe, 
scanning electron microscopy have not shown any apparent reaction zones or  intermediate 
layers (within a resolution of about 0.1 pat the highest magnification). 
The term "diffusion bond" might be called a misnomer, if one considers the meaning 
which is usually attached to  the term, namely, the interdiffusion of the bond members a t  ele- 
vated temperatures. It has been quite clearly shown that W and PbTe cannot interdiffuse, 
since there is no solid solubility between the two. Nevertheless, in a general sense the term 
diffusion bond seems to be sensible one, since the joining of the two bond members obviously 
goes through some kind of diffusion process (whether of the major bond members o r  of im- 
purities present in them or  the atmosphere). 
main after the interdiffusion of tungsten and PbTe is excluded and to  cite the reasons which have 
led us  to prefer one specific alternative for the explanation of the bond. It should be kept in 
mind that the explanation remains in the form of a hypothesis, since conclusive proof has not 
been found. 
One obvious possibility for bond formation would be thediffusion of metallic or semi- 
metallic alloying elements (such as Mn, Ni, and I) present in the thermoelectric material in- 
to the junction where theymight form compounds o r  solid solutions with tungsten, thus creating 
the bond, Although the possibility still cannot be completely ignored, no indications for this 
happening have ever been found. Also, bothp- and n-type PbTe, which have widely varying 
alloying consituents, have been successfully bonded. 
ing members might cause the bond. Although changes in atmosphere (change in O2 content, 
change in H2 content, etc. ) have definitely shown influences on the bond properties, it is also 
possible to bond in vacuum. 
A number of observations have fortified our original hypothesis that a substoichio- 
metric oxide (a lead-tungsten bronze) is responsible for the bond. To repeat the original argu- 
ments which led to the hypothesis, an excerpt from reference (2) is quoted (page 8): 
Both optical and 
In the following paragraphs, an attempt is made to consider the alternatives which re- 
A less obvious possibility is that variation in the gas atmosphere surrounding the bond- 
1. 100% dense, high-purity PbTe cannot be 
diffusion bonded in a clean a r  on atmosphere at 
any temperature up to  the m e  H ting point of PbTe. 
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2. Trials were conducted to bond sodium doped 
(2 P ) PbTe elements to tungsten by the  diffusion 
process. No bond was achieved, but the surface 
of the tun sten showed in all cases yellow -golden 
These were believed to be tungsten -sodium -bronzes 
according to their appearance. This belief was con- 
firmed by X-ray investigations of powders of the 
scraped off deposits. 
Although no bond was achieved, two prin- 
ciples a r e  proven: 
1. Minorit constituents (Na) in  the material can 
negative sense. ) 
2. Ox gen can be involved in the formation of 
These two findings together with findings at Dupont 
(5)  on tungsten selenide/ lead telluride bonds in which 
it was found that these were impossible to form with- 
out the presence of oxygen in the system lead to the 
preliminary hypothesis that an oxygen containing com - 
pound is responsible for the bond. The electrical 
properties of the W bonds call for a low resistance 
material; again, some tungstates have quite low 
electrical resistivities. 2 
to red-go B den very strongly adhering deDosits. 
grossly inf ry uence diffusion bonding. (Here in a 
strong P y adherent deposits on tungsten. 
I t  is quite clear that the sodium-tungsten bronzes were not responsible for the bond: 
however, it was reported that lead forms similar substoichiometric tungstates. 
Electrical properties of these compounds fulfill the requirements of the bonding 
material inasmuch a s  they a r e  reported to have metallic conductivity behavior and low 
Seebeck coefficients. Chemical properties are described a s  being similar to the alkali 
metal -tungsten bronzes. 
In thermal analysis experiments, it also turned out that the decomposition behavior 
of lead-tungsten bronzes prepared by us did not agree very well with that reported by Ber- 
noff and Conroy. It is clear, hawever, that these compositions cannot be used as brazes, 
since they do not melt but rather decompose. Whether they might pass through a viscous 
glassy state (which would explain the thermal shock resistance) is not known. Finally, the 
exact mechanism of their formation in the bond region, whether the oxygen necessary is 
contributed by the material o r  the atmoshpere, i s  not clear. It is clear that toc much oxy- 
gen in either atmosphere o r  material is detrimental to the quality of the bond, which is not 
surprising since the formation of stoichiametric PbW04 would cause a high resistance. 
3 
D. Life Testing of Tungsten Bonded PbTe 
W e  have tested a substantial number of W-E%Te junctions under both isothermal and 
gradient conditions at temperatures of 500, 525, and 600 "C. The gradient tests allowed u s  
2. H, E. Bates, F. Wald, and M. Weinstein, Paper No. 15, Proceeding of the 
IEEE/ AIAA Thermoelectric Specialists Conference, Washington, D. C. (1966). 
3. R. A.  Bernoff and L. E. Conroy, J. Amer. Chem. Soc. - 82, 6261 - 6263 
(1960). 
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5. 
to obtain measurements of electrical properties a t  temperatures below operating conditions, 
while measurements to follow the course of isothermal testing were done at  room tempera- 
ture. The gradient tests provided compressive loading of the junctions and PbTe elements, 
while the isothermal tests were conducted with no physical constraints on the samples. The 
following subsections present general discussions of the results obtained in both types of 
tests. 
1. Isothermal testing 
A total of 106 3P-W junctions have been tested for a total of 338,000 h r  at 
525 "C. Of these junctions, 45 remained intact through the various testing periods to accu- 
mulate some 166,700 test hours [intact here means physically and/or with aroom tempera- 
2 ture contact resistance below 500 pS2 (160 pS2 cm )I. Twenty-five of these junctions were 
2 measurable. 
After accumulating a total of 118,000 hr  (for an average of 4700 hr), the final average 
resistance was 22 pS2 (70 pS2 cm ). This implies an average rate of increase in junction 
resistance of 31 pS2 cm per 1000 hr. 
vived this test intact and measurable. 
26 junctions accumulated 122,300 hr. Nineteen junctions survived this test. The average 
junction resistance of these 19 increased from 55 pS2 (17.5 pS2 cm ) to 116 pR (37 ps2 per 
1000 hr). 
1000-hr test of 14 junctions in which the average rate of increase in junction resistance was 
14 pR/lOOOhr, the furnace in which the junctions were subsequently held for 2000 hr ran 
away to approximately 700" for an undetermined period. During this second segment of 
the test, which was survived by only five junctions, the rate  of increase of contact res is-  
tance was 83 pS2 per 1000 hr. 
bonded and unbonded, tested isothermally has been unremarkable, The changes in both 
parameters have been typically on the order of a fraction of a percent per 1000 hr.  Seebeck 
voltages have typically decreased 2 to 4%, while resistances have both decreased and increased. 
The decreases have usually been small, while the increases tended to be more substantial. 
However, the failure of a large number of elements by cracking during isothermal testing 
leads to the suspicion that increases in resistance could be the result of physical causes. It 
is largely to be expected that no major changes in the electrical properties of the thermoelec- 
tric elements in sealed capsules should result during isothermal treatment. There exists no 
possibility for chemical interaction with the surroundings, no transport in temperature gra - 
dients, and of course, as  was demonstrated by other means, no reaction between the thermo- 
electric materials and the tungsten contacts. 
The average initial resistance of the 25 junctions was 74 pR (23.5 p R  cm ). 
2 
2 
Eighteen 3P-W junctions were tested for 4700 hr a t  600 "C. Only one junction su r -  
The most reliable testing of 3N-W junctions was done at 600 OC for 4700 hr in which 
2 
Testing of 3N-W junctions at  525 "C was of dubious value, since after an initial 
Generally speaking, the behavior of the resistance and Seebeck voltage of the elements, 
2. Gradient testing of bonded elements 
Three life tests on W-bonded 3N and 3P elements were r u n  over intervals of 
500 to 520 "C and cold junctions of approximately 35 "C. These tests produced totals of 
9090 test hours on 3N-W junctions; 55,600 hr  on 3P-W junctions; and 12,500 h r  on unbonded 
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3P elements. The bonded n-types tested behaved with reasonable stability of both resistance 
and Seebeck coefficient; the 3P bonded elements showed a consistent behavior of increasing 
resistance and decreasing Seebeck coefficient. In tests with both n- and p-type elements, 
the average measurements for both were combined to give a simulated couple power output. 
The degradation could then be expressed in terms of percentage reduction of this power. For  
the first  test (500 hr), the "power" degradation rate was 5.4% per 1000 hr. In the second 
test (870 hr), the overall degradation rate was 29.4% per 1000 hr;  however, this was largely 
the result of deterioration of the Seebeck coefficient of both materials. If the open circuit 
voltage were unchanged, the decrease in power due to  resistance increases, mainly in the p- 
type elements,would be only 7.9% per 1000 hr. The third test, which contained only 3P ele- 
ments, is not amenable to precisely this treatment, although a power output can, of course, 
be calculated. 
The behaviqr of the W-bonded elements in this test suggested that the major source 
of increasing resistance is the bond. The Seebeck voltages of bonded and unbonded elements 
behaved similarly. The resistance of the unbonded elements went down, while that of the 
bonded elements went up substantially. Since it is known that there is no potential for chemi- 
cal  interaction between the electrodes and elements, it must be considered that the bonded 
elements behave in approximately the same manner as do the unbonded. Seebeck voltage and 
room temperature resistivity measurements made after the test indicate that this is very 
likely true. 
One of the most notable sspects of the behavior of the elements in this test is the steady 
decrease of the Seebeck voltage. A t  the end of the test, the voltage of the unbonded elements 
had decreased 12%, while the bonded elements had decreased 10.5%. This represents approx- 
imately 20% degradation of power with no change in resistance. In the case of the unbonded 
elements, the combined decrease in resistance and Seebeck voltage resulted in an equivalent 
decrease in power at the end of the test of approximately 19%. 
resistance of most of the bonded elements, however, increased as a result of degradation of 
the bonds. Three bonded elements remained, by comparison, fairly low in resistance through- 
out the test. Their average resistance under operating conditions was approximately 7.9 mR 
at  the end of the test compared with 5 . 2  mS2 initially. A t  the end of the test, the combined 
changes in resistance and Seebeck voltage resulted in an equivalent power decrease of approx- 
imately 48%; or, as a rate, 12.5% per 1000 hr. This represents the best behavior of all the 
elements in this test. Most of the others were too high in resistance @> 10.2 mR) to  measure. 
In post-test examinations of these elements, it was found that the room temperature 
resistivity was substantially decreased over the hottest 20% of the length of the elements, bond- 
ed and unbonded. Similarly, the Seebeck coefficient in hot portions of both types of elements 
was found to be subsrantially reduced. These effects were probably the result of internal de- 
gradation processes; that is, redistribution of the dopant or diffusion of an atmospheric im- 
purity in the elements. 
The bonded elements, of course, showed similar behavior of the Seebeck voltage. The 
3, Gradient life testing of tungsten bonded PbTe couples 
Three life tests of bonded and unbonded 3P-3N couples were run for 700, 1400, 
and 1500 hr. These accumulated 38,400 test hours on bonded couples and 11,700 hr  on unbond- 
1 P I. 
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ed couples. During the first test, the couples were subjected to a number of very rapid 
temperature cycles which effectively destroyed most of their bonds. However, a few 
couples survived this treatment. The only apparent reasons for their markedly superior 
performance seemedto lie in their initial low hot junction temperature and initial low junction 
resistances. 
The second test was quite unremarkable, except for a 30% per 1000 h r  decrease in 
average power output during the first 1000 hr. Subsequently, a sharp increase in the rate 
of increase of the internal resistance of the couples resulted in an even higher rate of power 
degradation for the next 400 hr. The test was stopped at  this point. Only 2 of the 14 original 
bonded couples survived with both bonds intact. The others generally had a very weak or 
nonexistent p-type junction. This was also true of couples with fairly low operating resis - 
tances. The major factor producing the monotonic decrease in power was the increasing 
internal resistance of the couples combined with a slight decrease in open circuit voltage. 
In the next test, bonded and unbonded couples from the previous 1400-hr test and 
bonded couples with no testing history were used. The atmosphere for this test was a mix- 
ture of 95% argon and 5% hydrogen. It was felt that a slightly reducing atmosphere might 
improve the performance of the couples which had hitherto suffered severe impairment from 
oxidation. This seemed to be borne out in the test, which lasted 1500 hr. The average ini- 
tial operating resistance for the unbonded (pressure contacted) couples was 19.9 mn. 
1500 hr, the average operating resistance was 14. 85 mS2. The corresponding values for the 
bonded couples were 13.9 mS2 and 14.9 mS2 at 1500 hr. This represents an increase in inter- 
nal resistance of 0.67 mQ per 1000 h r  compared to an increase of approximately 12 mR per 
1000 hr  for bonded couples in the previous test. If the pressure contacted and bonded couples 
are taken together, the average resietance drops from 15.9 mR to 14.9 rnn at 1500 hr. This 
provides an essentially level power curve over the period of the test. Whether the addition 
of hydrogen can similarly affect the long term degradation of the Seebeck coefficient has not 
been determined. Its profound effect on the total resistance behavior of these couples is cer- 
tainly of considerable importance. 
-
A t  
4. Discussion 
The general picture drawn by our testing program appears rather dismal - 
failures far outweigh the successes. However, we feel that rhe failures a r e  largely the inevi- 
table mistakes made at the beginning of any substantially new undertaking. Although w e  have 
learned a good deal about what not to do to tungsten bonded PbTe, it is not clear that w e  have 
learned a corresponding amount about the real behavior of these devices at operating temper- 
ature. 
and also of high heating and cooling rates. It also appears that sintered PbTe thermoelements 
must be maintained in compression, regardless of the method of contacting. They seem other- 
w i s e  t o  fall apart rather readily. Decreasing Seebeck coefficient was a strong component in 
the degradation cif almost all the tested specimens. It is not completely clear that this effect 
was inherent in the exposure to  temperature (gradient) rather than a result of the environment, 
but it seems likely from the isothermal test results that the former is true. 
One original hypothesis was continually tested against the results of all tests: the rela- 
tion of initial bond resistance to subsequent performance. It w a s  reasonably clear early in the 
It is apparent that the W-PbTe bond is extremely intolerant of oxygen or  water vapor 
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program that junction resistance reflected at  least the degree to which the contact surfaces 
were bonded, and generally seemed to be directly related to the strength of the bond. Thus, 
it seemed intuitively reasonable that a low resistance junction would behave more stably than 
a higher resistance one. At this time, "low resistance" was applied to junction resistance 
below 80 1.10 (25 pR cm2) for 3P-W and 60 pR (19 p a  crn ) for 3N-W. Test results seemed 
alternately to confirm and disprove this notion,- both in isothermal and gradient testing. 
However, on balance, in tests of long duration and severe conditions (temperature cycling), 
initially low resistance junctions demonstrated superior performance. 
demonstrated on a limited number of samples, was so striking that it must be investigated 
fur ther ,  and can almost certainly be regarded as a necessity to ensure reasonable lifetimes 
for  these junctions. 
The assumption that the bonding to W takes place by formation of a substoichiometric 
lead tungstate (a lead-tungsten bronze) may serve as an aid to understanding the behavior of 
the  bonded elements in  this case. If oxygen diffuses to the hot coatact in  sufficient amounts 
to  make up the oxygen deficiency in the lead-tungsten bronze, then the junction will become 
highly resistive, since the stoichiometric lead tungstate, PbW04, is an insulator. 
This is apparently what happened in most of me gradient life tests. The Door perfor- 
mance of most 3P bonded elements in isothermal testing has also been attributed to  the large 
amounts of oxygen, on the order of 300 ppm, found i n  3P. This leads to the conclusion that 
even in a clean (i. e.,  oxygen, free) environment, a reducing atmosphere wi l l  be necessary to 
protect the junction from its element. 
bonded thermoelement a t  the beginning of its life in the real  world where what is known can 
begin to be applied to the designof generators - and of further tests. Testing of thermoelec- 
tr ic devices can involve two different philosophies: one regards the generator as  a box with 
two leads coming from it (what happens at these terminals as a function of time is the only 
thing which is considered and analyzed). The other approach looks inside the box on an in- 
creasingly f ine scale, in fact, to atomic dimensions, to attempt to explain and understand 
the behavior exhibited at the two lead wires. 
with the attendant potential for diffusion of impurities (including dopants), but also an electric 
potential gradient which can le-cl to transport of ionic constituents. Thermal transport of im- 
purities can lead to a redistribution which may or may not adversely affect the operating char - 
acteristics of the device. In the commonly used pressed and sintered materials, migration of 
pores under the influence of the temperature gradient is yet another possibility, 
not been widely considered. It is quite possible that migration of species of a substantially 
ionic character may occur. This can lead to redistribution of impuritites in the same man- 
ner as thermal diffusion. 
The mechanical effects of the gradient muat also be considered. Cracking by thermal 
stress is always a possibility in a material such as PbTe when temperature gradients may be 
600 to 700 "C/cm. Thermal cracking would seem to be confined to the very early stages of 
life; that is during and shortly after establishment of the gradient condition. In the absence 
2 
The effect of a reducing atmosphere on the performance of W-PbTe junctions, although 
It would seem that what w e  have learned so far  from our testing puts the W-PbTe 
Operating conditions in a thermoelectric device provide not only a thermal gradient 
The influence of the electric field on the degradation of thermoelectric devices has 
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. 
of temperature cycling, it is difficult to postulate a mechanism for the extended operation of 
thermal s t ress  crackigg, The s t ress  established by a thermal gradient will either be suffi- 
cient to  cause a failure or not. A subcritical stress under steady thermal and mechanical 
conditions wi l l  in general tend to be reduced by gradual deformation. 
It is clear that the presence of a temperature gradient produces a situation of rich 
complexity in terms of the existence and-interaction of degradation mechanisms. Detailed 
elaboration of a degradation pattern which results from a number of mechanisms would be 
difficult, but not inherently impossible. Elimination and variation of selected parameters 
joined with chemical, metallographic, and mechanical analysis would be necessary. Although 
an empirical approach to this problem w i l l  undoubtedly yield extremely useful information, 
the data which are of impartance in the analysis and prediction of degradation a r e  quite funda- 
mental in nature. Diffusion coefficients, phase relations, even ionic transport data a r e  the 
properties of thermoelectric materials which ultimately determine their long term perfor - 
mance. 
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IV. FEASIBILITY OF USING CESIUM PLASMA LAME'S AS HIGH TEMPERATURE HEAT 
SOURCES 
In the previous semiannual phase report, a preliminary design based on a cesium 
arc  lamp was discussed for application a s  a high temperature heater. Because of a long 
delay in producing the Cb-1 Z r  endcaps, we were  not able to assemble the heaters during 
the contract period. The other components had been received before this. The endcaps 
have been received, and we will  proceed with fabricating and testing the heaters during 
the contract continuation. Fig. 15 shows the structural components of the heaters, a s -  
sembled and unassembled. 
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Fig. 15. Components of plasma heater (assembled and 
unas sem bled) 
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V. DESIGN OF SEGMENTED COUPLE MODULES 
A. Synopsis 
A check of stressee in critical components and the trial assembly of dummy modules 
have provided assurances that the basic mechanical integrity and handling of the modules 
will be more than sufficient for a comprehensive testing program to begin. Toward this 
end, a preliminary testing program has been outlined and will  be implemented as  hardware 
becomes available. An existing SiGe test apparatus (Fig. 16) will  be suitably modified for 
this program. 
tain internal labor costs to prepare the segmented couple and assemble the module). Table VI 
gives the cost and status breakdown by parts for the module assembly. 
A total material cost per module of about $300 has been esrablished (exclusive of cer -  
B. Model Fabrication and Assemblv 
Two "dummy" units of the couple module were fabricated and assembled (Fig. 17). 
W e  felt that this was imperative, because the total cost of parts for the 20 modules to be 
built is significant. This exercise enabled us to check part dimensions and assembly 
techniques prior to cost commitment. 
W e  were  elated at  the ease with which the unit could be assembled and the fact that 
no dimensional e r rors  (parts were  made to print tolerances) were evident. Wherever 
possible, parts for the dummy modules were real  parts; these included the hot shoe, cold 
shoe, pistons, springs, and all hardware (screws, pins, etc.). 
The only print change of any significance was a change in material for the block 
insulator from MIN-K-2000 to MIN-K TE 1800 which has been specially developed for use 
with PbTe, has low outgassing properties, and is binderless. However, thin walls and 
close tolerances have made fabrication difficult, and we plan to replace this with packed 
insulation. 
end-to-end and side-by-side mountings for comparison. In Fig. 19, one side plate has been 
removed to show interior assembly and "dyna-quartz" packing (the block insulator is  
Plexiglas). A bottom view of the modules seen through the Plexiglas base is  shown i n  Fig. 
20. The mounting screws and holes for piston jacking screws can readily be discerned. 
An exploded assembly of the module is presented i n  Fig. 21, where only the "dyna-quartz" 
packing and side plate mounting screws and washers have been omitted. 
A series of photographs of the model have been taken. Fig. 18 shows the alternate 
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Fig. 16. SiGe test apparatus to be modified for submodule testing 
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Fig. 17. "Dummy" thermoelectric generator module assembled 
to demonstration base 
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Fig. 19. Module with one side plate removed to show interior 
assembly and "dyna-quartz" packing 
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Fig. 20. Bottom view of model seen through Plexiglas base 
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Fig. 21. Exploded view of module with an assembled unit in the back- 
ground ("dyna-quartz " packiii and side plate mounting 
screws and washers not shown7 
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C. Testing and Analysis of Submodules 
Twenty complete modules and five extra sets of mechanical parts a re  on hand for 
the testing program, The modules have been numbered and a careful history will  be kept 
for each assembly prior to, during, and after assembly. 
The f i r s t  phase of the testing program will  be concerned with checking the mechanical 
integrity of the unit at various spring loadings and densities of packed insulation, using dummy 
or scrap couples. These assemblies will  be carefully inspected for possible stress -tempera- 
ture damage, and the results of the findings will  be used to select allowable spring loadings. 
changes made if required to bring material performance up to an acceptable standard in 
terms of assembly, performance at  temperature, and disassembly. 
In the second phase of testing, certain important parameters that can affect contact 
resistance and stresses on the couple will  be introduced, starting with piston loading up to 
the safe loads previously determined, and the effect of shoe-strap contacting materials or 
interfacing coatings. 
In the third phase of testing, the effect of couple rocker shoe condition will be deter- 
mined by operating modules with couples that have fixture soldered shoes and comparing the 
contact resistance and heat transfer conditions for this couple with couples that have had their 
rocker shoes "burnt in" during testing. 
by using thermocouples installed at appropriate points: 
1. Hot shoe temperature 
2. Hot strap temperature 
3. Interconnection strap temperature near cold shoe 
4. Cold shoe temperature 
5. Cold plate temperature. 
It is hoped that faulty components will be detected during this time and appropriate 
The following information as  it applies to each submodule under test will  be gathered 
Also, the couple output voltage, internal resistance, and strap-shoe contact resistance 
will  be measured using a milliohmmeter. If feasible, the flexural s t ress  and compressive 
s t ress  a t  critical couple sections will  be monitored using strain gauges. 
The modules will  be operated at  a hot strap junction temperature of 800 "C and a 
cold shoe or junction temperature of 50 ' C ,  except for rocker "burn in" where the cold 
shoe temperature will  be raised enough to cause plastic flow of the solder in the rocker 
shoe joint. Efficiency will  be calculated by computing the heat flux through cylinders sup- 
porting and thermally in series with the module (by accurately measuring temperatures a t  
known distances apart on the cylinders) and comparing this to the wattage delivered by the 
couple. The module will  normally be totally insulated, a s  will  the cold plate and cylinders, 
and the heat loss through the insulation and ceramic side plates wi l l  be accounted for. 
D. Strength of Materials Calculations 
The nominal dimensions of the building block module details (drawings nos. 567-201 
through 567-212)" were arrived at  by considering the function of each part and the spatial 
relationship between parts. By making careful assumptions about the temperature profile 
* See Appendix. 
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or gradient within the module, some approximations of stress on parts could be made and 
finished dimensions assigned which would limit these stresses to safe levels. 
The temperature gradient was calculated a s  a function of this first approximation 
and, using these data, a more accurate determination of stresses was made. These cal- 
culations affirmed conservative safety factors at a 60-psi loading for all parts except pos- 
sibly the W to PbTe joint. If testing definitely indicates the need for working at the maxi- 
mum 60-psi loading, and frictional loads on the couples prove to be excessive, other 
methods of lowering the coefficient of friction without intrducing joint resistivity will  have 
to be tried. 
1. W-PbTe bonded joint 
In the following calculations, reference is made to the free body diagram 
(Fig. 22) and the assumption of a coefficient of static friction H = 4 (for a gold plated shoe 
on a gold strap) for dry A u  on A u  in H2 o r  N2*rather than A u  on Ag (gold plated shoe an 
a silver strap), because of a scarcity of data for this combination, 
The frictional force acting in the plane of the joint is Ff F HN,  where N is the nor- 
mal compressive force causing a unit strese, S, of 60 psi assumed to be uniformly distri- 
buted over the cross sectional area A which is 0.0928 in. for the p-type element. Thus 
N = SA 60 (0.0928) = 5.56 lb  
F f =  P N  5 4 (5.56) = 22.3 lb 
The maximum stress on the PbTe or W-PbTe is cawed a s  slipping impends at the 
[ shoe (Au plated)/ strap (Ag)] interface wherein a compressive (axial) load af 5.56 lb and 
tensile fiber stress (flexural) a r e  combined due to cantilevered loading of the PbTe by Ff' 
desirable to apply the highest possible loading on mating surfaces to enhance. the electrical 
and thermal properties of the joint. Since the couple materials and dimensions a re  fixed, 
we must begin at  the couple to determine the maximum loading. Previous testing (at room 
temperature) has shQwn that the average shear strength of W to PbTe (p-type) joints is 
845 psi or is lower than bonding temperature cycled PbTe (1080 psi), and tensile strengths 
average 660 psi. Applying a suitable safety factor to 660 and 845 psi, it should be possible 
t0 determine a safe compressive load causing a combimd safe shear loading and bending 
moment due to friction at  the sliding interface of the couple and strap, However, compres- 
sive laads of only 60 to 80 psi at working temperatures a re  recommendedf for the PbTe 
which is supplied by the 3M Company. It seems prudent to use this much lower loading 
factor in our calculations for the long term or steady state, and suitably modify our data 
for the short term state which exists a s  the couple is heating up. 
Flexural stress is induced by cantilevered loading of the PbTe element. The inaxi- 
mum flexural stress occurs at the section of maximum bending moment, Mmax, where the 
maximum moment = PF ( P  = length af beam and F the load perpendicular to the beam). 
If we refer to drqwing no. 567-202, the element length is 0.250 and the shoe length 
is 0.157. Then, since Q = 0.407, 
In a design configuration such as this that depends on pressure contacting, i t  i s  
*Handbook of Chemistry and Physics. 
f Snap 23A Propam,  Phase I, 3M Company. 
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Hot Shoe Reaction 
FfP Ffn 
I 
Neutral Axis 
Fig. 22. Free body diagram of couple loading 
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Mmax = 0.407 (22.3) = 9.07 in. -1b 
The flexure formula is Smax = Mc/I where c = distance from the neutral axis 
The centroid of the p-leg area may be computed to a very close approximation by 
(centroid of section) to extreme fiber and I = moment of inertia. 
algebraically summing the moments of the Semicircular area and a rectangular area 
approximating the remainder of the section about-the base of the semicircle. 
of the semicircle is +A (4R/ 3n). The moment of the rectangle is -a (h/ 2), where h = the 
height of the rectangle; therefore, 2, of the centroid for the composite shape is 
The centroid of a circular quadrant about its base is 4R/ 3 r  ; therefore, the moment 
- - +A (4R/ 3 r )  + [ -a (h/ 2)] 
3- A + (-a) 
x -  I 
- -I-O.0751 [ 4 (0.2187)/ 3r] - [ 0.080 (0.437) (0.080/ 2)] 
M.0751 - (0.080) (0.437) 
- 0°644. - .  O* q0l4 Jro. 125 in. (positive sign indicates that the centroid 
30.0401 lies in the semicircular portion) 
By symmetry, F passes through the centerline of the section. 
Since the neutral axis, by definition, is coincident with the centroid of the section, 
- 
+c = R - x = 0.2187 - 0.1250 = 0.0937 in. 
-c = x" + b i 0.1250+ 0.08Q s 0.205 in. 
The moment of inertia of the section [ I ]  cam be computed in the same way. 
- 0. 1097R4 (0.5755R) - (bh3/ 3),, (h/ 2) 
125 X 
4 = 2 .2  x in. 
Thus 
S 2 9* O7 (0' 205) = 845 psi (flexural, in tension) 
fmax 2 .2  10-3 
Since -e > SC, the maximum flexural stress is tensile rather than compressive, 
because the couple legs m w e  away from e w h  other as the hot strap expands and Ff acts 
i n  a direction opposite to this motion or inwards, causing inward bending and rension at  
the outer fibers. 
It is also useful to know the maximum compressive flexural stress, S : 
f2 
s =  8' O7 = 425 psi (flexural, in compression) 
f2 2 , 2  x 10-3 
- 45 - 
The combined maximum stress, Sc, due to the axial compressive load, Sa, and the flexural 
load i s  
s = sa f Sf 
1 & 2  
= 60 - 845 = -785 psi or 785 psi tensile 
scl 
and 
S = 60 f 425 = +485 psi o r  485 psi compressive 
c2 
These stress levels a re  clearly too high and do not include an adequate safety fac- 
tor, since the 660 psi tensile and 845 psi shearing for p-type a re  room temperature measure- 
ments. Data a t  elevated temperatures are not available, but it is felt that the material 
might even be derated to 3w0 or even 10% of room temperature test values. 
In running the calculations, a very high coefficient of friction was assumed. Since 
frictional forces alone prcxluce bending and high flexural stressqs, the coefficient should be 
reduced if possible. One problem area associated with the coefficient is vacuum, Since for 
most metals in high vacuum the coefficient will  greatly increase or there will  be gross seizure 
of the interface, it is important to raise the temperature a s  little as possible during evacuation 
of the madule and run  outgassing cycles at a fixed temperature. The next temperature plateau 
should be arrived at  in an gtmosphere only, and once thermal equilibrium is reached vacuum 
can be reapplied. The application of vacuum will  unfortunately cause a change in temperature 
distribution, and so should be applied slowly. 
will be reduced by a factcx of 1.5/ 4.0, since direct proportionality exists in all of the appli- 
cable equations. Therefore, for a silver plated shoe on a silver strap: 
I 
If a coefficient for Ag om Ag of 1.5 (in a i r  or 02) is used instead, the maximum stresses 
Ff = 22.3 (1.$/4.0) = 8.37 
sfl max 
= 0.845 (1.5/ 4,O) = 317 psi (tensile) 
S = 425 (I, 5/ 4.0) = 159 psi (compressive) 
f2 
= 60 - 317 = 250 psi (tensile) 
s5 
S = 60 + 159 = 219 psi (compressive) 
c2 
BeGausa the duration of the combined stresses is indeterminate and material 
properties at working temperatures are not well  defined, only a live testing program will  
suffice to let us  know if the couples can weather the stresses imposed a s  working tempera- 
tures are approached. These loadings will be presumed to be of a short term nature, 
existing only during warmup at these magnitudes, and will drop to some lower value when 
steady state temperslture is achieved and some physical accommodation for couple motion 
has been qstablished. 
The testing program will  include a range of spring loadings up to 60 psi, but stresses 
i n  other parts of the assembly will  be computed on the basis of the maximum 60-psi loading 
figure to cover all possibilities. 
2. Molybdenum hot shoe 
The hot shoe, which is expected to operate eventually at 1000 "Cy is a critical 
structural element because i t  i s  subjected to continuous loading at  this temperature and must 
remain dimensionally stable so that good couple contact on the hot and cold sides will ensue. 
Excessive movement of the hot shoe could conceivably also cause failure of the brittle ceramic 
side plates. In most actual applications, the hot shoe will  be in fairly intimate contact with 
the fuel capsule sheath or some auxiliary surface adjacent to the sheath. This means that 
the spring loading separator forces on the hot and cold shoes and the side plates will  be 
partially balanced by reaction and preload forces from the generator hot and cold plates. 
However, the exact magnitude and distribution of these external forces on the module cannot 
be predicted and, i f  possible,,,,the module should be capable of withstanding its total internal 
loading at an 800/ 50 O C  differential a t  least with no external support. 
on the molybdenum hot shoe; namely, recrystallization and creep which a re  closely related. 
The recrystallization temperature is the temperature above which crystals that have slipped 
reform themselves into unstrained crystals. The increase in strength, then, that resulted 
from slip in the previous history of the material is offset or neutralized by the annealing 
action at  the elevated temperature, and so continuing deformation or yielding (creep) occurs 
at  the same load that started the yielding. 
The maximum useful strength of a material at a given elevated temperature (creep 
strength) is usually considered to be the stress corresponding to a given amount of creep 
in a given time, such a s  1% in 10 hr. Fig; 23 is a set  of creep-rapture curves for com- 
mercially pure molybdenum. Since it is not indicated, a 1% creep will be assumed (the 
loading range for s t ress  relieved material is higher than for recrystallized material, a s  
would be expected). The reported recrystallization temperature of molybdeoum is about 
2200 OF, but factors of past metallurgical history and steady state stress can lower the 
temperature. F o ~  our present 800 OC (1474 OF) operation, recrystallization is  unlikely 
to occur. For  the 1000 "C goal, TZM or  HT molybdenum could be used to raise the re- 
crystallization temperature to 1370 "C (2500 OF) and 1650 O C  (3000 O F ) ,  respectively. 
material at 1400 OF is extrapolated, the loading at  1400 O F  should not exceed about 38 kpsi 
i f  the extrapolation is reasonable. Since the yield strength of molybdenum at 1600 OF is 
30 kpsi and a suitable safety factor is to be applied (say, 3), we should be very far below 
the 1%, 1400 OF, 10 hr creep strength. Because operation within the elastic limit is 
desired for dimensional stability, the yield strength divided by 3 (or 10 kpsi) will  be used 
a s  the limiting stress. 
If we refer to Fig. 24 and drawing no. 567-207, and sum the moments about zero 
or the point of application of Fp, then 
Several factors must be considered when calculating the effect of the spring loading 
3 
If recrystallization is assumed not to take place and the curve for stress relieved 
3 
\ 
E M o  = R2 (0.328 + 0.389) + FN (0.389) - R1 (0.455) = 0 
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e i 
C p y ~  R~ + R~ = F ~ +  F~ = o 
Since a 60-psi maximum couple loading is being used, FN = 9 lb, and Fp = 6.60 lb, based 
on the couple shQe areg, then 
R1+ R2 = 93 .6 .60  = 15-60 
Since R1 = 15.60 - R2, if  we substitute in the moment equation and transpose terms, 
then 
Ra (0.717) - (15.60 - R2) (0.455) = 9 (0.389) 
R2 (0.717) - [ (7 .1 - R2 (0.455)J = 3.50 
R2 (0.711 + 0,455) = 3.50 + 7 .1  = 9.14 lb 
R1 4 15.60 - 9.14 = 6.46 lb 
The worst case of loading is created when the module is not contained between sur- 
faces in a generator or test stand, and no portion of the spring separation force is absorbed 
at  the hot and cold ends. Under these circumstances, the deflection of the hot shoe will 
lwate  force vectors at the edges of the couple hot strap (Fk and Fi) if the couple hot shoe 
is assumed perfectly rigid. 
The part  can now be treated as  a beam, simply supported with two unequal concen- 
trated loads unsymmetrically placed. 
From Fig. 24 again, working from the equivalent beam diagram, we find 
z,q =F R2 (-717)- Fh (0.624) + Fi (0.228) - R 1  (0.455) = 0 
CF; = R~ + R~ = FL I- F;' = o 
F b = R 1 + R 2  - F;' 
= 15.60 - F;' 
F i  (0.228) - (15.60 - F;) (0.624) = -9.14 (0.717) + 6.46 (0. $55) 
Fi (0.228) -9.73 + F i  (0.624) = -3.61 
Fh = 15.60 - 7.18 = 8.42 lb 
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Checking in shear and flexure, the maximum shear load from the shear diagram 
of Fig. 24 = R2 or 9.14 lb, and the shear area is 0.060 (0.574) = 0.0344 in. 2 . The shear 
stress is: 
- - 9e l4 = 269 psi (negligible) 
S S - A  -0.034 
Maximum moment = Mmax = R 1  (0.227) = 6.46 (0.227) = 1.465 in. -1b 
Maximum flexual stress = Sflex - Mmax/Z where Z is the section modulus 
bh2 
6 
Z = - for a rectangle 
0.574 (0. 060)2 = 3.64 x 10-4 Z =  
6 
Using a 10, OOO psi allowable, the safety factor SF = 10,000/ 4030 = 2.48. 
to the side plate: 
It is also necessary to check for flexure and shear a t  the tabs that lock the hot shoc 
2 Tab shear area = 0.060 (0.057) = 0.00342 in. 
The tab shear load is R/2, but for the possible case (part tolerances applied) where only 
one tab at  each end is bearing all the load, the maximum tab load would be R2 or 9.14 lb. 
- 9' l4 = 2670 psi (safe) 'shear - 
3.42 x 
Considering the tab as  a cantilevered beam and placing the vector R2 at  the end of the 
beam, then 
0.060 (0. 057)2 = 5 .  10-4 Z =  
6 
3. Steatite side plate 
If we refer to Fig. 25 and drawing no. 567-210, use values of R 1  and R2 
from the hot shoe calculation, and locate the vectors a t  the material extremes, the section 
above the upper tab locating notch can be treated as  a cantilevered beam. 
Because the hot shoe tabs are free to pivot in the tab notch of the side plate, i t  is 
not possible for only one side plate to absorb the total load. However, the probability of 
eccentric loading is a distinct one if  a condition of nonparallelism or  out of square occurs, 
a s  i t  could before the rocker shoe "burn-in. " 
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(a) Symmetrically loaded side plate (b) Eccentrically loaded assembly of side p hot shoe 
Fig. 25. Free body diagrams of side plate loading 
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A safe loading figure can be obtained by assuming that loading occurs at the edge 
of the couple (Fig. 25, side view) and summing moments about this point (using R2 because 
it is larger than R1 and will  produce the higher stress): 
Substituting: 
9.14 - (R2)1 - 6.16 (R2)1 = 0 
(R2)1 = 1.275, (R2)2 = 7.865 lb  
If one compares (R2)2 with 9.14/2 for symmetrical loading, the effective s a k t y  
factor of loading already introduced is 
(R2)2 - 7.865 
9.14/2 4.57 
SF = - -= 1.72 
Shear stress in the area above the notch [using (R2)2 = 7.865 lb] is 
- - -  F  7* 865 = 1190 psi 
ss A 0.220 (0.030) 
Safety factors will  be computed on the basis of American Lava Corporation data 
3 for steatite (AlSiMag #665) in tension (lowest strength direction) or 10 psi and derating 
to 6 v 0  of this value (or 6000 psi for operation a t  elevated temperatures). 
neglecting the taper of the beam, is 
For the tab in shear, SF = 6000/ 1190 = 5.04. The maximum stress  in flexure, 
S = -  MC 
I 
3 where M = P1, C is the extreme fiber, and I = bh / 12. Thus 
For the beam in flexure, SF = 60001 4660 = 1.28 which is low, but if the loading 
safety factor of 1.72 and the derated flexural strength (which is approximately twice the 
tensile) a r e  considered, a satisfactory safety factor actually exists. 
considered, since the beam section at that point is deeper and sufficiently removed from 
the holes to allow their effect to be neglected. The stresses due to the deep notch intro- 
duced for interconnection strap clearance is the last  factor that must be considered. 
The lower notch in the side plate which engages the rollpin does not have to be 
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./ 
6 i 
The msximum stress in flexure for the effective cantilevered beams created by 
the deep notch must be considered, and the lower beam portion, which is smaller, will 
be used, The aalculations neglect the stress raiser effect of the hole which lies close to 
the neutral axis of the beam area. 
- 7.865 (0.600) (0.301) 
0.030 (0, 603)3/ 12 
sf - 
Sf = 2590 psi (tensile) 
6000 
2590 
SF 7 -= 2.31 
This value is safe, but not conservatively so fQr ceramics in tension. However, 
it is very safe in view of other factors a s  explained above, and a much lower temperature 
a t  the deep ngtch requires less strength derating of the steatite. 
Since the calculation for tab notch shear is safe, the shear and tension in the 
larger strap notch area will be safe. 
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THERMOELECTRIC BUILDING BLOCK DRAWINGS 
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